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The pH effect of the precursor solutions on the phase, morphologies, and photocatalytic activity of Bi
2
MoO
6
synthesized by a

hydrothermal reaction at 180∘C for 20 h was investigated. X-ray powder diffraction (XRD), Raman spectroscopy, Fourier transform
infrared (FTIR) spectrometry, scanning electron microscopy (SEM), and transmission electron microscopy (TEM) revealed the
presence of pure orthorhombic well-crystallized 𝛾-Bi

2
MoO
6
nanoplates, including the symmetric (A1g) and asymmetric (A2u)

stretching vibrations of the MoO
6
octahedrons involving the motion of apical oxygen atoms. The photocatalytic activity of

Bi
2
MoO
6
nanoplates at the pH 6 determined via the decomposition of rhodamine-B (RhB) organic dye was the highest at 98.66%

decolorization under Xe light irradiation.

1. Introduction

Photodecomposition of organic compounds and water split-
ting by semiconducting photocatalysts have attracted the
research interest because of the economic situation and envi-
ronmental ecology for solving energy and pollution problems
[1–4]. In the past, the thoroughly conventional studies of
TiO
2
displayed its excellent activities and stabilities but the

technological application seemed to be limited by some
parameters. The most restrictive one is the use of ultraviolet
as photonic excitation for the 3.2 eV wide energy gap titania
(anatase) [5, 6]. In addition, the solar radiance onto theEarth’s
surface of less than 5% can be captured by titania, compared
to 43% of the visible light [1–3, 7]. Thus the development of
a photocatalyst for visible light has become a very interesting
topic in the current research on photocatalysis.

Bi-based photocatalysts such as bismuth oxide [8], bis-
muth vanadate [9, 10], bismuth subcarbonate [11, 12], bismuth
tungstate [13], and bismuth molybdate [3, 4] are very impor-
tant photocatalysts for visible light. Among them, bismuth
molybdate as an Aurivillius phase catalyst represented by
(Bi
2
O
2
)2+(A
𝑛−1

B
𝑛
O
3𝑛+1
)
2− (A = Ba, Bi, Pb, etc.; B = Ti, Nb,

W, Mo, etc.) is composed of unique layered structures with
perovskite slabs of (A

𝑛−1
B
𝑛
O
3𝑛+1
)
2− sandwiched between

(Bi
2
O
2
)2+ layers [3, 14, 15]. Three are three types of pure

bismuth molybdates with the phases of 𝛼-Bi
2
Mo
3
O
12
, 𝛽-

Bi
2
Mo
2
O
9
, and 𝛾-Bi

2
MoO
6
[16–18], which have been widely

studied as potential catalysts to accelerate the decomposition
of organic contaminants such as phenol [2], rhodamine B
(RhB) [3, 4, 15, 17], n-butene [18], andmethylene blue [19, 20]
via photogenerated electron-hole pairs [16] by transforming
them into CO

2
and H

2
O.
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In this work, 𝛾-Bi
2
MoO
6
nanocrystals were successfully

synthesized by a simple hydrothermal method. The as-
synthesized 𝛾-Bi

2
MoO
6
nanocrystals showed high photocat-

alytic activity to decompose RhBunder visible light radiation.

2. Experimental Procedures

In this research, 0.03 mole of sodiummolybdate (Na
2
MoO
4
)

and 0.06mole of bismuth nitrate (Bi(NO
3
)
3
) were dissolved

in 600mL deionized water. The 600mL solution was divided
into six solutions with 100mL each. Then HCl (conc.) or 3M
NaOH was added to them until each was achieved at the pH
of 2, 4, 6, 8, 10, and 12 with continuous stirring at room tem-
perature. Subsequently, the solutions were hydrothermally
processed at 180∘C for 20 h to form precipitates. In the end,
the as-synthesized precipitates were separated by filtration,
rinsed with distilled water and ethanol, and dried at 80∘C for
24 h for further characterization.

X-ray powder diffraction (XRD) patterns of the prod-
ucts were recorded on a Japan Rigaku D/MAX-𝛾A X-ray
diffractometer with graphite monochromator and Cu K

𝛼

radiation (𝜆 = 0.154178 nm) at a scanning rate of 0.02 deg./s
ranging from 10 to 60 deg. Raman spectra were recorded
on a HORIBA JOBIN YVON T64000 Raman spectrometer
at 50mW and 514.5 nm wavelength Ar green laser and
FTIR spectra were recorded on a BRUKER TENSOR 27
Fourier transform infrared (FTIR) spectrometer with KBr as
a diluting agent and operated in the range of 400–4,000 cm−1.
SEM images were taken on a Hitachi, X650/EDAX, PV9100
scanning electron microscope operating at 35 kV, and TEM
images were taken on a JEM 200CX, JEOL transmission
electron microscope at an accelerating voltage of 200 kV.
UV-visible absorption was carried out on a Lambda 25
PerkinElmer spectrometer, using a quartz cell.

Photocatalytic activities of the as-synthesized samples
were tested by measuring the degradation of rhodamine-B
(RhB) in an aqueous solution under a visible radiation of Xe
lamp.The 150mg photocatalyst was suspended in a 150mL of
10−5MRhB aqueous solution, which wasmagnetically stirred
for 30min in the dark to establish an adsorption-desorption
equilibrium of RhB on the surface of the photocatalyst. Then
the light was turned on to initiate photocatalysis.The solution
was analyzed by a Lambda 25 spectrometer, using 450W of
Xe lampwithwavelength of 553 nm.Decolorization efficiency
(%) was calculated using

decolorization efficiency (%) =
𝐶
𝑜
− 𝐶

C
𝑜

× 100, (1)

where 𝐶
𝑜
is the initial concentration of RhB and 𝐶 is the

concentration of RhB after light irradiation.

3. Results and Discussion

It is well known that the initial pH values of the precur-
sor solutions play an important role in the formation of
Aurivillius oxide Bi

2
MoO
6
structure. Therefore, solutions

with different pH values were used for the present synthesis.
The samples synthesized at the pH range from 2 to 12
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Figure 1: XRD patterns of Bi
2
MoO
6
synthesized in the solutions

with the pH 2, 4, 6, 8, 10, and 12 by a hydrothermal method.

were classified into three main compositions: Bi
2
MoO
6
,

Bi
2
MoO
6
/Bi
4
MoO
9
composites, andBi

4
MoO
9
.TheXRDpat-

terns of the as-synthesized products illustrate that low value
of pH contributes to the formation of orthorhombic Bi

2
MoO
6

structure, medium of pH to mixed phase of orthorhombic
Bi
2
MoO
6
and cubic Bi

4
MoO
9
structures, and high value of

pH to the formation of cubic Bi
4
MoO
9
structure as shown

in Figure 1. XRD pattern of the as-synthesized product at the
pH2was indexed asmixed phases of Bi

2
O
3
,MoO

3
, Bi
2
MoO
6
,

and so forth. Those at the pH 4 and 6 show an orthorhombic
Bi
2
MoO
6
with the lattice parameters being determined as 𝑎 =

5.1896 Å, 𝑏 = 11.7107 Å, and 𝑐 = 5.1016 Å corresponding to
the database of JCPDS card number 21-0102 [21]. It should
be noted that the XRD patterns also indicate the large
difference in the relative intensities based on the (020), (131),
(200), (002), and (060) peaks for the samples, indicating the
possibility of different preferential orientation growth under
different pH values. Intensities of the (020) and (060) peaks
were much lower than those of the standard, indicating the
inhibition of crystalline growth along the [010] directionwith
the formation of 2D plate-like materials shown by the SEM
images. When the pH values were at 8 and 10, the XRD pat-
terns showedmixedphases of Bi

2
MoO
6
of the JCPDSnumber

21-0102 and cubic Bi
4
MoO
9
of the JCPDS number 12-0149

[21]. Upon further increase in the pH to 12, the XRD pattern
exhibits a pure cubic Bi

4
MoO
9
without Bi

2
MoO
6
phase detec-

tion. On the basis of these results, it can be concluded that the
acidic condition favors the formation of Bi

2
MoO
6
and that

the alkaline medium favors the formation of Bi
4
MoO
9
.

Bi
2
MoO
6
crystal is an orthorhombic structure with P2

1
ab

space group symmetry at room temperature and ambient
pressure and is composed of perovskite-like (MoO

4
)2− and

fluorite-like (Bi
2
O
2
)2+ layers. For the ideal structure, there

are only six Raman active (2A1g + B1g + 3Eg) and nine IR
active (4A2u + 5Eu) modes. These modes are grouped into
symmetric and asymmetric stretching vibrations of theMoO

6

octahedrons (A1g+A2u+Eu), bending vibrations of theMoO
6
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Figure 2: (a) Raman and (b) FTIR spectra of Bi
2
MoO
6
synthesized in the solutions with the pH 4 and 6 by a hydrothermal method.

octahedrons (Eg + 2Eu + A2u + B2u), stretching and bending
vibrations of the (Bi

2
O
2
)2+ layers (B1g + Eg + A2u + Eu),

translation motions of Bi atoms (A1g + Eg), and vibrations
involving translation motions of Bi andMo atoms (A2u +Eu).
Due to orthorhombic distortion, all of the nondegenerate
and degenerate modes are split, including the generation
of new modes at lower wavenumber. Thus overall modes
become 26A

1
+ 27A

2
+ 26B

1
+ 26B

2
. Selection rules state

that the A
1
, B
1
, and B

2
modes are both Raman and IR active,

but the A
2
modes are only Raman active [22, 23]. Raman

spectra of Bi
2
MoO
6
samples synthesized at the pH 4 and

6 by the hydrothermal method are shown in Figure 2(a).
They were classified into three regions: <180 cm−1, 180–
500 cm−1, and 700–850 cm−1. The modes below 180 cm−1
could be the translation of molybdenum and bismuth atoms.
Vibration peak at 144 cm−1, specified as the lattice mode of
Bi3+ atoms, was mainly in the direction normal to the layers.
It is well known that the peaks in the 180–500 cm−1 range
originated from bending modes of the MoO

6
octahedrons

coupled with stretching and bending modes of the bismuth-
oxygen polyhedrons. The intense Raman modes near 290
and 280 cm−1 seemed to be from the Eg bending vibrations.
Those at 323, 345, and 398 cm−1 corresponded to the Eu
symmetric bending. The mode at 712 cm−1, exhibiting no
evident shift or broadness, was specified as the asymmetric
stretching vibration (Eu mode) of the MoO

6
octahedrons

involving the motion of equatorial oxygen atoms joining the
MoO
6
octahedrons within the layers. The Raman vibrations

at 793 cm−1 (A1g mode) and 840 cm−1 (A2u mode) were,
respectively, assigned to the symmetric and asymmetric
stretching vibrations of the MoO

6
octahedrons involving the

motion of apical oxygen atoms, normally directed to the
(Bi
2
O
2
)2+ layers [3, 15, 22, 24].

Figure 2(b) shows the FTIR spectra of Bi
2
MoO
6
samples

obtained by hydrothermal reactions at the pH 4 and 6.

The main absorption bands at 400–950 cm−1 are mainly
related to Bi–O and Mo–O stretching and Mo–O–Mo bridg-
ing stretching modes. The bands at 843 and 797 cm−1 were,
respectively, assigned as the asymmetric and symmetric
stretching modes of MoO

6
involving vibrations of apical

oxygen atoms. The 734 cm−1 mode was attributed to the
asymmetric stretchingmode ofMoO

6
involving vibrations of

the equatorial oxygen atoms. Those at 603 and 570 cm−1 cor-
responded to the bending vibrations of MoO

6
. Furthermore,

a small band at 454 cm−1 was attributed to the stretching and
bending vibrations of BiO

6
octahedrons [3, 24].

Figure 3 shows SEM images of the Bi
2
MoO
6
samples

synthesized in the solutions with the pH of 4 and 6 by
the hydrothermal method at 180∘C for 24 h. The low-
magnification SEM images of both samples showed that the
as-synthesized Bi

2
MoO
6
samples were composed of uniform

plate-like structures ranging from 100 nm to 200 nm.The cor-
responding high-magnification SEM images demonstrated
close-up views of the individual disks which clearly revealed
the presence of orderly packed square nanoplates with their
thickness of about several nanometers and the average length
of 200–400 nm. The higher pH value seemed to produce
smaller crystallites, which led to higher surface areas.

To revealmorphology of the as-synthesized Bi
2
MoO
6
, the

samples were characterized by TEM as shown in Figure 4.
The 𝛾-Bi

2
MoO
6
sample at the pH 4 was composed of square

nanoplates with thin edge. But for the pH of 6, they exhibited
an explicit one.The selected area electron diffraction (SAED)
patterns of individual Bi

2
MoO
6
nanoplates present regular

square diffraction spot array, revealing the single-crystalline
nanoplates. In the present analysis, both SAED patterns can
be indexed as (060), (062), and (002) planes with the [100]
direction as zone axis of orthorhombic Bi

2
MoO
6
structure. It

should be noted that both diffraction patternswere composed
of a number of diffraction spots arranged in systematic
arrays. Weak diffraction spots, due to the high-order Laue
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Figure 3: SEM images at low and high magnifications of Bi
2
MoO
6
synthesized in the solutions with the pH ((a), (b)) 4 and ((c), (d)) 6 by a

hydrothermal method.
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Figure 4: TEM images and SAED patterns of Bi
2
MoO
6
synthesized in the solutions with the pH ((a)–(c)) 4 and ((d)–(f)) 6 by a hydrothermal

method.
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zone caused by the combined effects of the lengthened
diffraction spots in the direction normal to the nanolayers
and the narrow Laue zone along the [002] direction, were
also detected in the forbidden sites [4]. When the center of
the circular arc of Ewald sphere does not coincide with bright
spots of the transmitted beam, asymmetrical patterns will be
detected. A symmetrical pattern is obtainable for a precise
zone axis orientation, at which the center of the arc coincides
with the spots of the transmitted beam [25].

It has been reported that orthorhombic Bi
2
MoO
6
is

constructed by corner-shared MoO
6
octahedral layers with

their edges directing along the [100] and [001] directions
and (Bi

2
O
2
)2+ layers sandwiched between MoO

6
octahedral

layers. Therefore, the direction of the nanolayers stacking is
along the [010] direction normal to the [100] and [001] direc-
tions of the planes. Based on the experimental results, it can
be concluded that under low pH value, there existed higher
surface energy on the (100) and (001) planes compared with
others. The growth of nanocrystals along the [010] direction
was inhibited. The cleavages on surfaces of Bi

2
MoO
6
crystal

also provide information for explaining the adsorption of
H+ cations. The (100), (010), and (001) crystal planes are
terminated by the Mo, O, and Bi atoms, respectively. The
zigzag orientations ofMooctahedral anions on the (100) faces
induce these faces to become unfavorable for the adsorption
of H+ cations.The amount of O atoms on the (010) planes was
much higher than others. H+ cations preferred to adsorb on
the (010) planes due to the high density of oxygen atoms on
these faces. Thus the crystal growth along the [010] direction
slowed down, including nanoplates formed [24, 26].

Figure 5 displays UV-visible absorption spectra of
Bi
2
MoO
6
nanoplates, which have strong photoabsorption

properties ranging from ultraviolet to visible light with the
wavelength being shorter than 500 nm. The steep shape of
the absorption edge corresponded to the intrinsic energy gap
transition of Bi

2
MoO
6
ranging from the valence bandof theO

2p orbitals to the conduction band derived from the primary
Mo 4d orbitals in MoO

6
octahedrons and the secondary Bi

6p orbitals [27, 28]. Their absorption edge wavelengths were
determined to be 435–445 nm which were appropriate for
the photocatalysis to accelerate the degradation of organic
contaminants under UV-visible range.

To study the photocatalytic activities of the hydrother-
mally synthesized samples, tetraethylated rhodamine (RhB)
with a major absorption band at 553 nm was chosen as a
model organic contaminant. A change in the UV-visible
spectra of the aqueous RhB solutions during photocatalytic
decolorization using the Bi

2
MoO
6
nanoplates at the pH 4

and pH 6 is presented in Figure 6. During 180min testing,
the absorption intensity of RhB at 553 nm was gradually
decreased and shifted towards the blue region from 553 nm
to 498 nm with the formation of deethylated RhB molecules
[15, 29, 30]. The fully N,N,N󸀠,N󸀠-tetraethylated rhodamine
molecules (553 nm) show deethylation step by step to
N,N,N󸀠-triethylated rhodamine (539 nm), N,N󸀠-diethylated
rhodamine (522 nm), N-ethylated rhodamine (510 nm), and
rhodamine (498 nm) [3, 13, 15]; the remains were degraded
through the decomposition of conjugated structure. At the
completion of visible irradiation for 180min, the absorption
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Figure 5:UV-visible absorption of Bi
2
MoO
6
nanoplates synthesized

in the solutions with the pH 4 and 6 by a hydrothermal method.

intensity of RhB aqueous solution became very weak. The
RhB solution could turn into a colorless one by further
increase in the length of time to longer than 180min. It should
be noted that the content of RhB was exponentially reduced
with the increase in the length of irradiation time [2].Thus the
RhB content will reach zero concentration at the irradiation
time of infinity, and the decolorization of RhB was complete.

Figure 7 displays the degradation process of RhB in the
solutions containing Bi

2
MoO
6
synthesized at the pH of 4

and 6 as a photocatalyst, compared to that without Bi
2
MoO
6
.

For the controlled solution, RhB did not degrade both in
the dark and in the illuminated condition. In the present
research, visible light was essential to the RhB photodegra-
dation. Bi

2
MoO
6
at the pH 6 showed significantly better

photocatalytic degradation properties than Bi
2
MoO
6
at the

pH 4.The pH of the precursors for the formation of Bi
2
MoO
6

nanoplates was found to strongly affect the photocatalytic
efficiency. The photodegradation using Bi

2
MoO
6
at the pH

6 reached 98.66% within 180min under visible-light irradia-
tion, resulting from the smaller crystallites and larger specific
surface areas [31]. Compared with P25 TiO

2
, the degradation

of RhB under the visible light irradiation was 18% within
120min [32]. Thus Bi

2
MoO
6
was claimed to be a potential

photocatalyst under visible light.
Based on the photocatalytic degradation of organic com-

pounds in the solutions containing Bi
2
MoO
6
, a possible

mechanism was proposed [9, 33–35]. At the beginning, the
𝛾-Bi
2
MoO
6
photocatalyst absorbed visible light to gener-

ate electron-hole pairs. The electrons (BMO(ecb
−
)) at the

Bi
2
MoO
6
surfaces were scavenged by the adsorbedmolecular

oxygen and the O
2
∙
− superoxide radical anions formed.

RhB molecules could also absorb visible light in the 460–
600 nm range. Thus RhB molecules were excited by being
transformed into activated molecules (RhB∗). The electrons
diffused from the activated chemisorbed RhBad

∗ molecules
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Figure 6: UV-visible absorption of RhB in the solutions containing Bi
2
MoO
6
nanoplates synthesized at the pH (a) 4 and (b) 6.
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Figure 7: Decolorization efficiencies of RhB in the solutions
containing Bi

2
MoO
6
nanoplates synthesized at the pH 4 and 6

compared to the catalyst-free solution under Xe light.

to the Bi
2
MoO
6
surfaces, which were immediately released

into the conduction band of Bi
2
MoO
6
to generate BMO(ecb

−
)

and further reacted with the surface adsorbed oxygen to
generateO

2
∙
− superoxide radicals. Concurrently, BMO(hvb

+
)

combined with water molecules and/or hydroxyl ions to
form OH∙ radicals. Then all deethylated intermediates were
further degraded by both of the radicals. It should be noted
that there was a competition between the deethylation and

the decomposition of conjugated structure proceeding on the
surfaces of the Bi

2
MoO
6
samples:

Bi
2
MoO
6
+ hv 󳨀→ BMO (ecb

−
) + BMO (hvb

+
) (2)

BMO (ecb
−
) +O
2
󳨀→ O

2
∙
−
+ Bi
2
MoO
6

(3)

RhB + hv 󳨀→ RhB∗ (4)

RhBad
∗
+ BMO 󳨀→ RhB∙+ + BMO (ecb

−
) (5)

H2O or OH + BMO (hvb
+
) 󳨀→ OH∙ (6)

RhB∙+ +O
2
∙
−
󳨀→ subproducts (7)

4. Conclusions

The present research was to study the effect of pH on phase,
morphologies, and photocatalytic properties of orthorhom-
bic Bi

2
MoO
6
nanoplates synthesized by the hydrothermal

method at 180∘C for 20 h. Based on the various characteriza-
tion techniques, the appropriate condition for the synthesis
of orthorhombic Bi

2
MoO
6
nanoplates was at the pH 4 and 6.

The photocatalytic activity of Bi
2
MoO
6
nanoplates at the pH

6 was determined to be the highest at 98.66% degradation of
RhB under Xe radiation for 180min.
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